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Edited by Pascale CossartAbstract Cholera still remains an important global predicament
especially in India and other developing countries.Vibrio cholerae,
the etiologic agent of cholera, colonizes the small intestine and pro-
duces an enterotoxin that is largely responsible for thewatery diar-
rheal symptoms of the disease. Using RNA arbitrarily primed
PCR, ND5 a mitochondria encoded subunit of complex I of the
mitochondrial respiratory chain was found to be upregulated in
the human intestinal epithelial cell line Int407 following exposure
to V. cholerae. The upregulation of ND5 was not observed when
Int407 was infected with Escherichia coli strains. Incubation with
heat-killedV. cholerae or cholera toxin or culture supernatant also
showed no such upregulation indicating the involvement of live bac-
teria in the process. Infection of the monolayer with aﬂagellate
non-motile mutant of V. choleraeO395 showed a very signiﬁcant
(59-fold) downregulation of ND5. In contrast, a remarkable
upregulation of ND5 expression (200-fold) was observed in a
hyperadherent icmF insertion mutant with reduced motility. V.
cholerae cheY4 null mutant defective in adherence and motility
also resulted in signiﬁcantly reduced levels of ND5 expression
while mutant with the cheY4 gene duplicated showing increased
adherence and motility resulted in increased expression of ND5.
These results clearly indicate that both motility and adherence to
intestinal epithelial cells are possible triggering factors contribut-
ing to ND5 mRNA expression byV. cholerae. Interestingly infec-
tion with insertion mutant in the gene coding for ToxR, the master
regulator of virulence in V. cholerae resulted in signiﬁcant down-
regulation of ND5 expression. However, infection with ctxA or
toxT insertion mutants did not show any signiﬁcant changes in
ND5 expression compared to wild-type. Almost no expression of
ND5 was observed in case of mutation in the gene coding for
OmpU, a ToxR activated protein. Thus, infection of Int407 with
virulence mutant strains of V. cholerae revealed that the ND5
expression is modulated by the virulence of V. cholerae in a ToxT
independent manner. Although no diﬀerence in the mitochondrial
copy number could be detected between infected and uninfected
cells, the modulation of the expression of other mitochondrial
genes were also observed. Incidentally, uponV. cholerae infection,
complex I activity was found to increase about 3-folds after 6 h.
This is the ﬁrst report of alteration in mitochondrial gene expres-
sion upon infection of a non-invasive enteric bacterium likeV. chol-
erae showing itsmodulation with adherence, motility and virulence
of the organism.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
Keywords: Pathogenesis; Adherence to intestinal epithelial
cells; NADH dehydrogenase subunit 5; Vibrio cholerae*Corresponding author. Fax: +91 33 2473 5197/0284.
E-mail addresses: keyachaudhuri@yahoo.com,
kchaudhuri@iicb. res.in (K. Chaudhuri).
0014-5793/$30.00  2005 Published by Elsevier B.V. on behalf of the Feder
doi:10.1016/j.febslet.2005.05.0121. Introduction
Vibrio cholerae, the etiologic agent of cholera, is a highly
motile non-invasive Gram-negative organism which colonizes
the small intestine and produces a potent enterotoxin called
cholera toxin (CT) – a major virulence determinant that is pri-
marily responsible for the diarrheal syndrome associated with
V. cholerae infection [1]. At the molecular level, the pathogen-
esis of cholera is a multifactorial process and involves several
genes encoding virulence factors that aid the pathogen in its
colonization, coordinated expression of virulence factors, and
toxin action. The expression of virulence factors in V. cholerae
are coordinately regulated by an inner membrane protein
ToxR which binds to a tandemly repeated 7 bp DNA sequence
found upstream of the ctxAB structural gene and increases the
transcription of this gene resulting in higher expression of chol-
era toxin [2]. In addition, ToxR also regulates the expression of
at least 17 distinct genes that constitute ToxR regulon [3].
ToxR requires another transmembrane transcriptional activa-
tor TcpP to synergistically activate the expression of ToxT [4]
which encodes one of the AraC bacterial transcription activa-
tors [5]. The resulting increased expression of the ToxT protein
then leads to activation of other genes in the ToxR regulon [6].
Thus, ToxR is at the top of the regulatory cascade that con-
trols the expression of several other genes and the expression
of ToxR remains under the control of environmental factors.
ToxR directly regulates the expression of the outer mem-
brane porin proteins OmpU and OmpT in a separate branch
of the ToxR cascade independent of TcpP and ToxT [7]. ToxR
activates transcription of ompU which encodes a major outer
membrane porin [8] that has been suggested to be involved
in adherence during pathogenesis [9] and it represses the tran-
scription of ompT.
While toxinogenicity is predominating pathogenic factor,
colonization is clearly a pre-requisite. The organism must col-
onize the small bowel to elaborate and secrete CT. No diarrhea
is seen when volunteers are fed strains of V. cholerae which col-
onize poorly or not at all [10]. Little is known about the mech-
anism of V. cholerae colonization, though it is probably
multifactorial. V. cholerae cells have one or more adherence
factors like toxin coregulated pili, haemagglutinin, etc., that
enable them to colonize the small intestine and adhere to the
microvilli [11]. Neither the interaction of pili with host cells
nor the actual mechanism of colonization has been deﬁned.
V. cholerae neuraminidase encoded by nanH gene converts
higher order gangliosides to GM1, so as to increase CT bind-
ing sites is another example of modulation of host response
[12]. Finally, in case of volunteer studies it has been observed
that after elimination of several toxin genes including theation of European Biochemical Societies.
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diarrhea is inevitable [13]. It is possible that the act of coloni-
zation elicits some host response perhaps through transmem-
brane signaling mechanism.
Only some preliminary information is available on the host
genes that are diﬀerentially regulated following V. cholerae
infection. Reports have shown the induction of IL-8 in intesti-
nal epithelial cells upon V. cholerae infection [14–16]. A recent
host transcriptional proﬁling upon V. cholerae infection in T84
cell line has shown the upregulation of mainly proinﬂamma-
tory mediators like cytokines [17]. Moreover, CT can modulate
the expression of several macrophage eﬀector functions. Pre-
incubation of cell cultures with CT signiﬁcantly down
regulated lipopolysaccharide-induced NO synthesis and phor-
bol-12-myristate-13-acetate-induced respiratory burst. Con-
comitant addition of cholera toxin and lipopolysaccharide to
cell cultures enhanced the production of tumor necrosis
factor-alpha. These eﬀects were abrogated when cholera toxin
was inactivated by heat or treated with a speciﬁc monoclonal
antibody [18].
The RNA arbitrarily primed PCR (RAP-PCR) ampliﬁes
subsets of a mRNA population and separates the resulting
cDNAs by denaturing polyacrylamide gel electrophoresis.
These two steps resulted in a collection of DNA molecules that
were ﬂanked at their 3 0 and 5 0 ends by the exact sequence (and
complement) of the arbitrary primer. These in turn formed
templates for PCR ampliﬁcation. Although the intensities of
diﬀerent bands within the same ﬁngerprint vary, the intensity
of a band between ﬁngerprints appears to be proportional to
the concentration of its corresponding template or mRNA
[19]. A complete pattern of all mRNAs expressed in a particu-
lar cell is possible using a reasonable number of primer pairs
[20].
The present study was designed to detect alterations in host
cell gene expression in response to V. cholerae infection usingTable 1
Bacterial strains and plasmids used in this study
Strains Relevant genotype or phenotype
Vibrio cholerae
O395 O1 serotype Ogawa, biotype Classical, stre
569B O1 serotype Inaba, biotype Classical, CT+
N16961 O1 serotype Inaba, biotype ElTor, CT+
SG24 O139, CT+
VCE 232 Non-O1 environmental, CT+
GP7 O1 serotype Ogawa, biotype ElTor, natura
O395Y O395 containing the duplicate cheY-4 gene
O395YN O395 insertion in cheY-4 gene
O395F O395 insertion in icmF gene
O395FLAN O395 insertion in ﬂaA gene
O395OMPUN O395 insertion in ompU gene
O395TOXTN O395 insertion in toxT gene
O395TOXRN O395 insertion in toxR gene
O395CTXAN O395 insertion in ctxA gene
Escherichia coli
DH5a Ff80d/lacZ DM15 D(lacZYA arg F) U16
A1 hsdR17ðrk ;mk Þ supE441-thi-1 gyrA rel
C600 thr, leu, thi, lacY, dam3
SM10 thi-1 thr,leu,tonA,LacY,SupE,recA::RP4-2-T
Plasmids
pGP704 Ampr oriR6K mob RP4 MCS of M13 tg 1
pTAdv 3.9 kb, Kmr, Ampr, with 30 T overhang
pTZ57R/T 2.886 kb, Ampr, with 30 T overhangRAP-PCR ﬁngerprinting. Human NADH dehydrogenase sub-
unit 5 (ND5) of the mammalian mitochondrial complex I was
found to be upregulated upon infection of Int407 cells with live
V. cholerae. Major diﬀerences in ND5 mRNA expression were
detected after infection with various mutants of V. cholerae
defective in virulence, adherence and/or motility. The results
showed that ND5 expression is related to the pathogenesis of
V. cholerae and both motility and adherence of V. cholerae
could be the possible triggering factor for ND5 induction.
All these suggest a multifactorial mechanism for modulation
of ND5 by V. cholerae. Incidentally, upon V. cholerae infec-
tion, complex I activity was found to increase about 3-folds
after 6 h. This is the ﬁrst report of alteration in mitochondrial
gene expression upon infection of non-invasive enteric bacteria
like V. cholerae showing its modulation with adherence, motil-
ity and virulence of the organism.2. Materials and methods
2.1. Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are presented
in Table 1. The V. cholerae O395 and Escherichia coli strains were
maintained at 70 C in Luria–Bertani (LB) medium containing
20% (vol/vol) glycerol. E. coli and V. cholerae cells were grown in
LB medium. Streptomycin and ampicillin concentration were 1 mg/
ml and 15 lg/ml, respectively, for V. cholerae. The plasmids were
maintained and ampliﬁed in E. coli DH5a strains. For heat inacti-
vation, V. cholerae 1010 cells were suspended in normal saline and
heated at 90 C for 20 min.2.2. Cell culture and infection of V. cholerae
Human intestinal epithelial cell line Int407 (NCCS, Pune, India) and
human laryngeal cell line Hep2 (NCCS) were grown and maintained in
minimal essential medium (MEM, GIBCO-BRL, Gaithersburg, MD),
at pH 7.4, supplemented with 10% fetal bovine serum (GIBCO-BRL)Source/reference
ptomycin resresistant, CT+ Laboratory collection
do
do
do
do
lly occurring CT strain do
[16]
[16]
[35]
Present study
do
so
do
do
9 rec A1 end
A1
Bethesda research
laboratories USA
Laboratory collection
c::Mu,k-pir [7]
31 [7]
Clontech
MBI Fermentas
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5% CO2 at 37 C. Cells were seeded in canted neck T-75 tissue culture
ﬂasks (Falcon, USA). Two days later when the cells were conﬂuent, the
medium was put oﬀ, washed with PBS and fresh MEM medium with-
out antibiotic was added. Bacteria from overnight culture suspended in
fresh MEM medium were added to each ﬂask at an MOI of about 100.
Flasks designated as non-infected controls were also replenished with
fresh media. The infected and non-infected T-75 ﬂasks were incubated
for diﬀerent time points at 37 C under 5% CO2.
For stimulation by supernatant, bacterial culture supernatants were
collected by centrifugation and ﬁlter sterilized with 0.2 lm pore size
syringe ﬁlters. Supernatants from bacterial cells equivalent to an
MOI of 100 bacteria/cell and 5 · 100 MOI were added to the Int407
cells and incubated at 37 C under 5% CO2 for 3.5 h. For stimulation
with commercial cholera toxin (CT) (Sigma–Aldrich, USA), cells were
incubated at concentrations of 4.5 and 9 ng/ml of CT for 3.5 h.
2.3. Giemsa staining
For Giemsa staining, Int407 cells were grown on small glass cover
slips in a petri dish and infected with V. cholerae as described above.
After infection for about 30 min, 1.5, 2, 3 and 3.5 h, the tissue culture
medium was removed by suction and petri dishes were washed three
times with PBS. Cells were ﬁxed with methanol (5 min, room temper-
ature) and stained with Giemsa overnight. The cover slips were washed
successively with acetone and acetone–xylene solution and mounted on
a glass slide. Slides were examined with oil immersion at 100· in a light
microscope (Olympus BX40, Japan).
2.4. Plating assay for adherence
For quantitative adherence assays, epithelial cells were seeded in a
six well culture plate at a density of about 5 · 105 cells per well. Two
days later when the cells were conﬂuent, the medium was put oﬀ,
washed with PBS and bacteria suspended in fresh MEM medium were
added to each well at an MOI of about 100. The infected plates were
incubated for 1, 2 and 4 h at 37 C under 5% CO2. Cells were then
washed vigorously thrice with PBS to remove non-adherent bacteria.
The number of cell-associated CFU was determined after lifting oﬀ
the monolayer by scraping and vortexing the cells to dissociate bacte-
ria. The percentage of adhesion was calculated as 100 · cell-associated
CFU/(cell-associated CFU + CFU present in the supernatant).
2.5. RNA extraction and analysis
Both uninfected and infected Int407 cells were washed with PBS, in-
fected cells being washed vigorously to remove non-adherent bacteria.
Total RNA was extracted from each by using guanidium isothiocya-
nate [21]. For Northern blot analysis, RNA samples (15–25 lg/well)
were electrophoresed in duplicate in 1% agarose–2.1 M formalde-
hyde–morpholinepropanesulfonic acid gels, and one part was stained
with ethidium bromide and visualized with UV light to conﬁrm equal
loading of all samples. The other part of the gel was blotted onto nylon
membranes by using 20XSSC and hybridized with labeled probes pre-
pared by the random priming method [21].2.6. RAP-PCR ﬁngerprinting of RNA
RAP-PCR was performed essentially as described earlier [22].
Brieﬂy, RNA was treated with RNase free DNaseI (Invitrogen, Life
Technologies, USA). The reaction was stopped by adding 0.5 M
EDTA after which the RNA was extracted with phenol:chloroform
1:1, ethanol precipitated washed and dried. To 10 ll of sample contain-
ing 200 ng of this DNase treated RNA dissolved in water, arbitrarily
chosen primer was added to a ﬁnal concentration of 1 lM and the mix-
ture incubated at 68 C for 10 min and then chilled on ice. To this,
10 ll of cDNA synthesis buﬀer containing 5 U of Superscript II RNase
H reverse transcriptase (Invitrogen), 100 mM Tris–HCl (pH 8.3),
100 mM KCl, 8 mM MgCl2, 20 mM dithiothreitol and 2 mM dNTPs
was added. The ﬁrst strand cDNA synthesis was carried out at 37 C
for 1 h. After cDNA synthesis 10 ll of buﬀer containing 2 mM Tris–
HCl (pH 8.3), 5 mM KCl, 4 mM MgCl2, 1 lM of the same arbitrarily
chosen primer, 100 lCi of [a-32P] dCTP (3000 Ci/mmol) and 0.5 U of
Taq DNA polymerase was added to the 20 ll cDNA sample. For 10
mer primers, the thermal cycling parameters were: 94 C (5 min) fol-
lowed by 40 cycles of 94 C (1 min), 37 C (2 min), 60 C (2 min) and
an 8 min extension at 60 C. For the 20 mer primers: 94 C (5 min) fol-lowed by 2 low stringency cycles of 94 C (5 min), 40 C (5 min), 72 C
(5 min), then 30 high stringency cycles of 94 C (1 min), 60 C (1 min)
and 72 C (2 min). The samples were analyzed in a 6% polyacrylamide/
50% urea gel prepared in 1· TBE and electrophoresed at 300 V until
the xylene cyanol dye reached the bottom of the gel. The gel was dried
under vacuum onto 3MM paper (Whatman, NJ, USA) and the RAP
ﬁngerprint was visualized by autoradiography using Kodak X-Omat
AR ﬁlm. All the primers used in this study are listed in Table 2.
2.7. Isolation and cloning of RAP-PCR products
Isolation and cloning of RAP products was carried out essentially as
described by Welsh and McClelland [19]. The autoradiogram was
aligned with the gel using radioactive ink dots and bands were cut from
the gel using a razor blade. The piece of the acrylamide was placed in a
centrifuge tube and the DNA was eluted for 30 min into 100 ll water.
Five microliter of the eluent was PCR ampliﬁed using the same PCR
protocol as described above. The ampliﬁed product was checked on
agarose gel. PCR ampliﬁed fragment was cloned by using pT-Adv vec-
tor of Advantagee PCR Cloning Kit (Clontech, CA, USA) and in
some cases pTZ57R/T of InsT/Aclonee PCR Product Cloning Kit
(MBI Fermentas, Hanover, MD) following the methods described by
the manufacturer. Insert recognition was done by restriction enzyme
digestion followed by agarose gel electrophoresis.
2.8. DNA sequencing
Nucleotide sequence was determined with double stranded plasmid
DNA as the template by cycle sequencing with ABI Prism 377 auto-
matic DNA sequencer (Perkin–Elmer, USA) using the kit and protocol
supplied by Perkin–Elmer. The sequencing data were assembled using
the auto-assembler software (Perkin–Elmer).
2.9. Semi-quantitative multiplex RT-PCR
For RT-PCR, RNA from non-infected and V. cholerae infected
Int407 cells were isolated by RNeasy kit (Qiagen, Valencia, CA). Five
microgram RNA was treated with RNase free DNase (Invitrogen) in a
10 ll volume according to manufacturers protocol. For the reverse
transcription reaction, 2 ll of DNase treated RNA was reverse tran-
scribed using the SUPERSCRIPTe First – Strand Synthesis System
for RT-PCR (Invitrogen) by using 200 ng random hexamer in a total
volume of 20 ll. The cDNA synthesis was done at 42 C for 50 min fol-
lowing the manufacturers instructions. About 2 ll of cDNA was PCR
ampliﬁed in a 30 ll reaction volume containing 10 mM Tris–HCl, pH
8.3; 50 mM KCl, 2.5 mM MgCl2, 0.26 mM of each dNTPs and
25 pmol of each primer. For multiplex reaction, primers of the speciﬁc
gene and that of the internal control Glyceraldehyde-3-phosphate
(G3PDH) were added in the same tube. The primer sequences and
the respective product sizes are given in Table 2. The reaction condi-
tions were as follows: 95 C (5 min) followed by 40 cycles consisting
of 95 C (1 min), annealing at 50 C (1 min) for all mitochondrial prim-
ers except at 48 C (1 min) for COX 3, CYTB, ATP 6 and ATP 8,
53 C (1 min) for ND6, 55 C (1 min) for ND5a and then extension
at 72 C (1 min) for all. Final extension was carried out at 72 C for
8 min. 0.5 U Taq DNA polymerase (GIBCO-BRL) was used for all
the ampliﬁcations and wherever required the hot-start protocol was
followed. The primers ND5a and ND5b were used for semi-quantita-
tive and real-time PCR appropriately. The products were run on a 2%
agarose gel and stained with ethidium bromide.
For ampliﬁcation of D-loop region from genomic DNA of non-
infected and V. cholerae infected Int407 cells, the D-loop speciﬁc prim-
ers (Table 2) were used. The reaction conditions were: denaturation at
95 C (3 min), cooled to annealing temperature at 54 C to add 0.5 U
Taq DNA polymerase (GIBCO-BRL) followed by 40 cycles consisting
of 94 C (1 min), 54 C (30 s), 72 C (1 min 30 s). Final extension was
carried out at 72 C for 7 min. Ampliﬁcation of G3PDH was used as a
control.2.10. Quantitative real time RT-PCR
ND5 mRNA expression was determined by RT-PCR using relative
quantitation by the comparative CT method [23]. Two microliter of
cDNA was subjected to real-time quantitative PCR using the iCycler
(BioRad, USA) with SYBR Green as a ﬂuorescent reporter using the
SYBR Green JumpStarte Taq Readymixe (Sigma–Aldrich). ND5
and the internal control gene G3PDH were ampliﬁed in separate
Table 2
Primers used in the present study
Primer ID Sequence Result in
RAP-PCR\
Sequences of arbitrary primers used in RAP-PCR reactions
356 GCGGCCCTCT +
349 GGAGCCCCCT +
389 CGCCCGCAGT +
412 TGCGCCGGTG 
421 ACGGCCCACC 
425 CGTCGGGCCT 
436 GAGGGGGCCA +
438 AGACGGCCGG +
457 CGACGCCCTG 
471 CCGACCGGAA 
474 AGGCGGGAAC 
477 TGTTGTGCCC 
478 CGAGCTGGTC 
480 GGAGGGGGGA +
M13 F CCCAGTCACGACGTTGTAAAACG 
M13 R AGCGGATAACAATTTCACACAGG 
APBG38C GACCATTGCTTAACGCTGAC 
Name Primer sequence Size (bp)
Sequences of primers used in RT-PCR/PCR reactions
ND5a F 50 CCCACTACTAGGCCTCCTCC 3 0 843
R 5 0 GCGAGGGCTGTGAGTTTTAG 30
ND5b F 50 GCCTAGCATTAGCAGGAATA 3 0 335
R 5 0 GAGTTTTAGGTAGAGGGGGA 30
ND6 F 50 TCCGTGCGAGAATAATGATG 3 0 543
R 5 0 ATAACCTATTCCCCCGAGCA 30
ND1 F 50 CACATCTACCATCACCCTCT 3 0 347
R 5 0 GTCATGATGGCAGGAGTAAT 30
ND2 F 50 TAAAACTAGGAATAGCCCCC 3 0 349
R 5 0 TTGAGTAGTAGGAATGCGGT 30
ND3 F 50 CACAACTCAACGGCTACATA 3 0 251
R 5 0 TTGTAGTCACTCATAGGCCA 30
ND4 F 50 TCTTCTTCGAAACCACACTT 3 0 335
R 5 0 AAGTACTATTGACCCAGCGA 30
ND4L F 50 AGCATTTACCATCTCACTTCT 30 265
R 5 0 GCATTGGAGTAGGTTTAGGTT 3 0
COX I F 50 CCCACTTCCACTATGTCCTA 3 0 329
R 5 0 TATTAGGACTTTTCGCTTCG 30
COX II F 50 CAGGAAATAGAAACCGTCTG 3 0 349
R 5 0 TTGCATCTGTTTTTAAGCCT 30
COX III F 50 ACATCCGTATTACTCGCATC 3 0 345
R 5 0 AACCACATCTACAAAATGCC 30
ATPase6 F 50 AACAACCGACTAATCACCAC 3 0 331
R 5 0 GGCTGATGGTTTCGATAATA 30
ATPase8 F 50 TGCCCCAACTAAATACTACC 3 0 189
R 5 0 ATGAATGAAGCGAACAGATT 30
CytB F 50 CCAAATCACCACAGGACTAT 3 0 331
R 5 0 GATGGCGGATAGTAAGTTTG 30
G3PDH F 50 ATGGGGAAGGTGAAGGTCGG 3 0 477
R 5 0 GGGTGCTAAGCAGTTGGT 3 0
D-loop F 50 CTCCACCATTAGCACCCAAAGC 3 0 448
R 5 0 TGATTTCACGGAGGATGGTG 30
Table 2 (continued)
Name Primer sequence Size (bp)
Sequences of primers used in V. cholerae mutant construction
FlaA F 5 0 CCATGGAACGCCTCTCATCA 30 600
R 5 0 CGTTGATGTAAGTGGCCAGCT 3 0
OmpU F 5 0 TGGTTTCTACGAAGGCGAGT 30 424
R 5 0 GCCAGCACCTACGTTAAAGC 3 0
ToxT F 5 0 TCAGCGATTTTCTTTGACTTC 30 384
R 5 0 TCACCACAAATATCTGCCCA 3 0
ToxR F 5 0 GATTAGGCAGCAACGAAAGC 30 337
R 5 0 GATGAAGGCACACTGCTTGA 3 0
CtxA F 5 0 TCAGACGGGATTTGTTAGGC 30 354
R 5 0 CCTGCCAATCCATAACCATC 3 0
± Indicate the presence and absence of diﬀerential display products.
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product size was used (Table 2). No primer dimers were obtained for
either ND5 or G3PDH as assessed by melt curve analysis. The speci-
ﬁcity of the products was also conﬁrmed by melt curve analysis. The
reaction conditions were: 95 C for 5 min, followed by 40 cycles con-
sisting of 95 C (30 s), 50 C (40 s), 72 C (1 min). Final extension
was carried out at 72 C for 8 min. Threshold cycle number (CT), of
triplicate reactions, was determined using the iCycler software and
the mean CT of triplicate reactions was determined. The levels of
ND5 expression was normalized to G3PDH levels using the formula
2DDCT , where DDCT = DCT (sample)  DCT (calibrator) and DCT is
the CT of the housekeeping gene (G3PDH) subtracted from the CT
of the target gene (ND5). The calibrator used in our experiments is
the uninfected Int407 control and the samples are the various experi-
mental conditions.
2.11. Data analysis for expression study
The autoradiograms of Northern blot were scanned and intensities
of hybridization signal were determined and compared to control by
a computer program written in MATLAB analysis software. The
semi-quantitative RT-PCR gels were quantiﬁed by using the image
analysis software Image J available at: http://rsb.info.nih.gov/ij/in-
dex.html. The integrated density of each band was normalized to the
corresponding G3PDH band. All experiments were conducted at least
thrice.
2.12. Construction of V. cholerae mutant strains
Internal fragments of ﬂaA, ompU, toxT, toxR and ctxA genes of V.
cholerae O395 were ampliﬁed from genomic DNA using the respective
oligonucleotide pairs (Table 2). The fragments were then cloned into a
T-vector- pTZ57R/T of InsT/Aclonee PCR Product Cloning Kit
(MBI Fermentas) to obtain the recombinant plasmids which were then
restriction digested with appropriate enzymes and the inserts cloned
into pGP704 to get the respective recombinant plasmids. These recom-
binant plasmids were then transformed into a k pir lysogen of E. coli
SM10 [7]. Ampicillin-resistant transformants containing recombinant
plasmids were selected and were then conjugally transferred from E.
coli SM10 to V. cholerae O395. Transconjugants resistant to both
ampicillin and streptomycin were selected. The mutants were veriﬁed
by PCR and Southern blotting.
2.13. Assay of NADH:ubiquinone oxidoreductase (complex I) activity
Complex I activity was assayed in uninfected and infected cell mito-
chondrial preparations as rotenone-sensitive NADH:ubiquinone oxi-
doreductase according to Sriram et al. [24] with minor modiﬁcations.
Brieﬂy, crude mitochondrial extracts were prepared from uninfected
Int407 cells as well as Int407 cells infected with V. cholerae for 3.5
and 6 h. Both the uninfected and infected cells were washed with ice-
cold PBS, collected by trypsinization, centrifuged and resuspended in
ice-cold sucrose (0.32 M) and then homogenized and centrifuged at
1000 · g for 10 min to obtain a post nuclear supernatant, which was
M. Sarkar et al. / FEBS Letters 579 (2005) 3449–3460 3453recentrifuged at 10 000 · g for 30 min to obtain the crude mitochon-
drial pellet. The pellet was resuspended in cold 10 mM potassium
phosphate buﬀer and sonicated till the pellet was uniformly dispersed
and freeze thawed three times before assay of complex I. Mitochon-
drial preparations (90–150 lg of protein), coenzyme Q0 (Sigma Chem-
ical Co., USA; 0.05 mM ﬁnal concentration) were added to the assay
buﬀer [potassium phosphate buﬀer (10 mM, pH 7.2) containing so-
dium azide (2.65 mM)] such that the ﬁnal assay volume was 960 ll.
After pre-incubation of the reaction mixture at room temperature
for 2 min, the reaction was initiated by addition of 40 ll of a 5 mM
stock. The decrease in absorbance at 340 nm was monitored over time.
The assay was also performed in the presence of rotenone (5 lM ﬁnal
concentration) to determine the rotenone-insensitive complex I activ-
ity. The rotenone sensitive enzyme activity was calculated by subtract-
ing the rotenone insensitive activity from the total activity and is
expressed as nanomoles of NADH oxidized per minute per milligram
of protein.Fig. 1. (a) Adherence of V. cholerae O395 to Int407 intestinal2.14. Measurement of ATP by Luciferin–Luciferase method
Intestinal epithelial cells Int407 were infected with V. cholerae and
cells were PBS washed, collected by trypsinization and pelleted. To ex-
tract the ATP by Tris–EDTA boiling buﬀer method, the pellet was
resuspended in 0.5 ml of the ATP extractant – Tris–EDTA buﬀer solu-
tion (0.1 M, pH 7.75), heated immediately in boiling water bath for
10 min, centrifuged (12 000 · g, 5 min, 4 C) and the supernatant col-
lected. ATP was measured according to Manfredi et al. [25]. Lucif-
erin–Luciferase reagent (100 ll of 20 mg/ml) was taken in to a
cuvette and the background light emission measured by a Monolight
2010 luminometer (Analytical Luminescence Laboratory, USA). Next
ATP Assay buﬀer (0.02 M glycine, 0.05 M Mg2+, 0.004 M EDTA, pH
7.5) was added to a ﬁnal volume of 500 ll, then 20 ll of the above
supernatant was mixed and the light emission recorded after 20 s.epithelial cell monolayer after 1.5 h (A) and 3.5 h (B) of infection.
The ﬁgures are taken in oil immersion. The arrows indicate V. cholerae
attachment to the cell surface. (b) Plot of percent adherence of
V. cholerae cells to Int407 with time. The values shown are
means ± S.E.M. from ﬁve diﬀerent experiments.2.15. Nucleotide sequence and accession number
The nucleotide and deduced amino acid sequences of the cloned
RAP-PCR products appear in EMBL, GenBank, DDBJ databases un-
der the Accession Nos. AY206700, AY207390, AY207391, AY207392,
AY207393, CB185955 and CB185954.
3. Results
3.1. Interaction of V. cholerae with intestinal epithelial cell line
The interaction of V. cholerae with intestinal epithelial cell
line mimics the key events accompanying intestinal coloniza-
tion, which are adherence, growth of infecting vibrios and
detachment [26]. Human intestinal epithelial cells Int407 were
infected with V. cholerae O395 as described in Section 2, the
infected cells in coverslips were withdrawn after 30 min, 1.5,
2, 3 and 3.5 h of infection, stained with Giemsa and visualized
under light microscope. The number of V. cholerae cells adher-
ing to Int407 increased gradually with time and at 3.5 h quite a
number of V. cholerae cells were visible (Fig. 1(a)). The num-
ber of V. cholerae cells adhering to the monolayer was deter-
mined by the plating assay and the CFU adhering to the
monolayer was found to increase with time (Fig. 1(b)). Similar
results were obtained when adherence was monitored with epi-
dermal human laryngeal cell line Hep2 (data not shown).
3.2. RAP-PCR ﬁngerprinting of RNA
In order to identify the genes that are altered in the host cell
following V. cholerae infection, RNA arbitrarily primed PCR
ﬁngerprinting (RAP-PCR) was performed. Human intestinal
epithelial cell line Int407 were grown as monolayer upto con-
ﬂuence and infected (MOI 100) with V.cholerae O395 for dif-
ferent time points as described above and the total RNA
isolated from uninfected and infected Int407 cell line were sub-
jected to RAP-PCR ﬁngerprinting with 16 diﬀerent sets ofarbitrarily selected primers as described in materials and meth-
ods. A clearly visible diﬀerential ﬁngerprinting pattern could
be observed as early as 3.5 h following infection and was cho-
sen for further study.
Using the same batch of reagents the resulting ﬁngerprint
patterns were highly reproducible and each ﬁngerprint yielded
a pattern of 9–15 clearly visible bands. Out of the total 16
primers used, distinct ﬁngerprints could be observed only with
six primers (Table 2). No diﬀerentially ampliﬁed cDNA prod-
ucts could be detected with primer 389. These results suggest
that certain sequences are more highly represented than others
in the cDNA population and that the choice of the random
primers need to be considered if adequate numbers of products
are desired. To conﬁrm that the fragments are not artifacts sev-
eral control analyses were performed. Controls without reverse
transcriptase were used with every reaction to rule out the pos-
sible genomic DNA contamination. RAP-PCR ﬁngerprinting
of V. cholerae genomic DNA was also carried out with each
primer to eliminate the elution of bands arising from V. chol-
erae cells. These control studies conﬁrmed that the ampliﬁed
DNA fragments are of eukaryotic mRNA origin and are not
the result of contaminating eukaryotic DNA or of prokaryotic
mRNA. At least three separate reactions were performed for
each primer and for each RNA sample. Only bands that ap-
peared to be diﬀerentially expressed in all reactions were iden-
tiﬁed (Fig. 2) and used for further analysis. These were then
eluted from the gel, re-ampliﬁed, cloned into TA vector,
checked for insert by restriction digestion and sequenced.
Fig. 2. RAP-PCR ﬁngerprinting of Int407 (I) and Int407 infected with
V. cholerae O395 (IO) with the primers 436 (A), 438 (B), 480 (C) and
349 (D). The arrows show diﬀerentially expressed bands.
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tially expressed transcripts, the database was searched for
homology using the BLASTN and BLASTX programs [27].
All the clones were sequenced using both forward and reverse
primers and the sequences were assembled using the auto-
assembler program (ABI 377). All the transcripts showed
homology with the EST-Human database. Moreover, Genome
Blast against V. cholerae complete genome sequence at TIGR
was also carried out to check for any possible contamination.
Among the clones, insert present in MS1 showed signiﬁcant
sequence homology to human homologue of a Drosophila
clock gene, timeless designated as human Timeless1 (hTIM1)
(Table 3). The timeless gene is essential for circadian clock
function in Drosophila melanogaster. A putative mouse homo-
log (mTIM), however, has been shown to be essential for
embryonic development, but does not have substantiated cir-
cadian function [28,29]. At present, the probable involvement
of this gene in host response to bacterial infection is not clear.
The clone MS5 was found to be homologous to pG1 protein –
human (fragment). This protein has been reported to be one of
the proteins that are induced in oncogenic virus SV40-trans-
formed human keratinocyte cell line [30]. Two of the clones
MS3 and MS6 showed homology to human translation initia-
tion factors IF- and eIF-4A, respectively. These translation ini-
tiation factors are involved in the binding of the mRNA to the
ribosome [31,32]. It is possible that the protein synthesisTable 3
Cloned RAP products from Int407 cell line following V. cholerae infection
Clone No. Partial sequence (bp) Hom
MS1 647 Hum
MS2 365 We
MS3 311 Hom
MS4 100 Unk
MS5 313 PG
MS6 304 Hom
MS7 197 Hommachinery might be regulated diﬀerently under stress from
bacterial infection and further studies are needed in this direc-
tion. MS7, a 197 base pair fragment was almost 100% identical
to the human mitochondria encoded NADH dehydrogenase
subunit 5. This is a gene encoding a subunit of the human
mitochondrial complex I. Upregulation of mitochondrial genes
are often detected in mammalian cells following stress [33,34]
but there are very few reports of mitochondrial gene modula-
tion following bacterial infection, it is intriguing to investigate
the role of bacterial pathogenesis in regulating mitochondrial
gene expression.
3.3. Increase in ND5 mRNA level during V. cholerae infection
To conﬁrm the upregulation of ND5 in V. cholerae infected
Int407 cells, RNA was isolated from uninfected and V. chol-
erae infected cell line and Northern blotted and probed with
the clone MS7. After hybridization, the blot was stripped
and hybridized with glyceraldehyde-3-phosphate dehydroge-
nase gene probe used as an internal standard. The MS7 prod-
uct homologous to mitochondria encoded ND5 showed about
5.3-fold increase in transcript level in case of infected Int407
cell line compared to non-infected cell line (Fig. 3A). Two tran-
scripts were obtained both in non-infected and infected cells.
Based on the integrity of the rRNA bands (data not shown)
it can be presumed that the total RNA was not degraded.
The expression of ND5 was also determined by both semi-
quantitative (Fig. 3B-1) and quantitative real time RT-PCR
(Fig. 4) using gene speciﬁc primers described in materials
and methods. Quantitative real time RT-PCR showed a 4.29-
fold increase in expression. To ﬁnd out whether ND5 upregu-
lation is a general consequence of intestinal epithelial cell infec-
tion by V. cholerae, two other intestinal epithelial cell lines T84
and Caco-2 were stimulated with V. cholerae and ND5 mRNA
expression assessed by semi-quantitative RT-PCR. In case of
T84, there was no change in expression after infection while
Caco-2 shows a signiﬁcant down regulation upon infection
(Fig. 3B-2, 3). This diﬀerence could be due to the fact that
T84 and Caco-2 are both colon intestinal epithelial cells while
Int407 is of small intestine origin and V. cholerae initially ad-
heres to the small intestinal epithelium.3.4. Upregulation of ND5 requires live V. cholerae
No diﬀerence in the expression of ND5 could be detected
when Int407 was infected with E. coli DH5a or with E. coli
C600 suggesting that this eﬀect is not a general stress response
to any bacteria but due to V. cholerae infection. To have initial
insight into the factor(s) responsible for the increased expres-
sion of ND5, Int407 was incubated with (a) heat-killed V. chol-
erae, (b) cholera toxin and (c) culture supernatant of 16 h
grown V. cholerae and the ND5 mRNA expression was deter-ology
an homologue of Drosophila timeless gene (hTIM1)
ak homology to Homo sapiens collagen a6(IV) chain
o sapiens translation initiation factor IF-2
nown
1 protein-human
o sapiens translation initiation factor eIF-4A
o sapiens mitochondria encoded NADH dehydrogenase subunit 5
Fig. 5. RT-PCR of ND5 expression with V. cholerae mutants of
altered virulence. ND5 induction in Int407 (lane 1) followed by
infection with wild-type V. cholerae O395 (lane 2), toxT insertional
mutant (O395TOXTN) (lane 3), toxR insertional mutant
(O395TOXTN) (lane 4), ctxA insertional mutant (O395CTXAN)
(lane 5) and ompU insertional mutant (O395OMPUN) (lane 6). The
upper band represents ampliﬁcation with ND5 and lower band
G3PDH. Densitometric quantitations for ND5 are shown below the
agarose gel sections after normalization to G3PDH. The error bars
represent standard deviations of three diﬀerent experiments.
Fig. 3. (A) Northern blot analysis of ND5 fragment. I and IO represent RNA isolated from uninfected Int407 and Int407 infected with V. cholerae
for 3.5 h, respectively. Control experiments with G3PDH as probe is shown in the lower panel. The numbers below are the relative ratio between the
intensities of ND5 to that of G3PDH expression. The graphical representations in the right panel were obtained using MATLAB Analysis Software.
(B) RT-PCR ampliﬁcation of ND5 (upper panel) and internal control G3PDH (lower panel) from uninfected and V. cholerae O395 infected (3.5 h)
(1) Int407 (2) T84 and (3) Caco-2 cells. Data shown are from a representative gel electrophoresis of three independent RT-PCR ampliﬁcations.
Densitometric quantitation for ND5 is shown below the agarose gel sections after normalization to G3PDH. DU denotes densitometry unit.
Fig. 4. Induction of ND5 mRNA in human intestinal epithelial cell
line Int407 by diﬀerent strains of V. cholerae after 3.5 h of incubation.
ND5 mRNA expression was monitored by real time RT-PCR and the
relative fold change in ND5 mRNA was expressed in comparison with
uninfected Int407 cells and normalized against G3PDH. Values are
means and S.D. from two to six experiments. Inset shows the fold
change of ND5 expression in all strains except N16961.
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time RT-PCR. The number of heat-killed bacteria was approx-
imately the same as the CFU found after 3.5 h of infection
with V. cholerae. Int407 cells were incubated with commercial
CT (Sigma–Aldrich) at 4.5 and 9 ng/ml for 3.5 h. No diﬀerence
in the expression of ND5 could be detected between Int407
and Int407 incubated with the above components (data not
shown). The above experiments suggest that the upregulation
of ND5 is not mediated by any secreted factors of V. cholerae
including cholera toxin but requires live V. cholerae cells.
3.5. ND5 upregulation is a general phenomenon among
V. cholerae isolates
In order to determine whether ND5 induction is a common
phenomenon among diﬀerent isolates of V. cholerae, a number
of strains belonging to diﬀerent serovars and biovars including
cholera toxin producing (CT+) and non-toxinogenic (CT)
were examined by Quantitative RT-PCR. All V. cholerae iso-
lates irrespective of serotype, biotype, CT+, CT showed
induction of ND5 but variability could be observed (Fig. 4).
The toxinogenic ElTor (N16961) showed a very signiﬁcantly
high ND5 mRNA expression (Fig. 4). All other strains includ-
ing toxinogenic V. cholerae viz., environmental non-O1 strain
VCE232, hypertoxinogenic 569B, O139 strain SG24 and the
naturally occurring non-toxinogenic strain GP7 showed signif-
icantly less induction (around 2-fold) than O395. These resultscorroborate with our earlier observation that CT is not the po-
tent inducer of ND5 expression in Int407.
3.6. ND5 upregulation is related to V. cholerae virulence
To determine whether ND5 expression has any relation with
pathogenesis of V. cholerae, mutants of V. cholerae O395 with
impaired virulence were constructed. In V. cholerae, the trans-
membrane regulatory protein ToxR is considered as the master
regulator controlling the expression of several virulence factors
including cholera toxin [2]. ToxR acts on the promoter of
ToxT, which then activates the expression of ctx AB [2,6].
Int407 cells were infected with insertional mutants in toxR,
toxT or ctxA genes constructed in our laboratory and ND5
mRNA expression was determined in each case by semi-quan-
titative RT-PCR. The toxR mutant O395TOXRN showed
about 0.24-fold downregulation with respect to the uninfected
control (Fig. 5). On the other hand, the O395TOXTN and the
O395CTXAN mutant strains of V cholerae showed about 2-
fold ND5 mRNA increase than the uninfected cell which
was almost comparable with the ND5 mRNA level of wild-
type infected cells (Fig. 5). Thus, it may be hypothesized that
the increase in ND5 expression in V. cholerae infected Int407
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well established that ToxR directly regulates OmpU and
OmpT, the two porin proteins of V. cholerae in a ToxT inde-
pendent manner [7] while OmpU is positively regulated, OmpT
expression is repressed. To test the above hypothesis, OmpU
mutant was constructed and its eﬀect on host ND5 expression
was studied by RT-PCR. The intestinal epithelial cells showed
almost no expression of the ND5 mRNA in case of O395OM-
PUN strain (Fig. 5). Thus, these results clearly demonstrate
that when virulence of V. cholerae is impaired by disruption
of ToxR or OmpU, ND5 expression is signiﬁcantly reduced.
3.7. Possible role of adherence and motility in ND5 induction
Since the induction of ND5 requires live V. cholerae and was
not found to be due to the secreted factors present in V. chol-
erae supernatant including cholera toxin, we wanted to exam-
ine whether the modulation of the mitochondrial ND5 gene
expression upon V. cholerae infection was associated with
the adherence and motility factors which are pre-requisite to
colonization of V. cholerae to intestinal epithelial cells. To test
this possibility, ND5 induction was examined in four V. chol-
erae O395 mutant strains of varying adherence and motility
constructed in our laboratory. When ND5 expression was
determined by using insertional ﬂagella mutant O395FLAN
of V. cholerae O395 a signiﬁcant reduction in mRNA expres-
sion (59-fold) was obtained (Fig. 6(b)). O395FLAN was aﬂa-
gellate as seen by electron microscopy and the motility was
drastically reduced as determined by swarm plate assay (data
not shown). Another V. cholerae mutant strain O395F [35]
showed around 200-fold increase in ND5 mRNA expression
compared to uninfected Int407, which is almost 48 times high-
er that of wild-type (Fig. 6(b)). The strain O395F was charac-
terized by stronger adherence to Int407 [35] but reduced
motility (70%) compared to wild-type [35]. A null cheY4 mu-
tant (O395YN), which showed reduced swarming activity in a
swarm plate assay and had reduced adherence to Int407 atFig. 6. ND5 expression with V. cholerae mutants of varying adherence
and motility. (a) RT-PCR of ND5 in Int407 (lane 1) followed by
infection with wild-type V. cholerae O395 (lane 2), cheY4 null mutant
(O395YN) (lane 3), cheY-4 duplicated strain (O395Y) (lane 4), icmF
insertional mutant O395F (lane 5), and ﬂaA insertional mutant
O395FLAN (lane 6). The upper band represents ND5 and lower
band G3PDH. (b) Real-time quantitative RT-PCR of ND5 mRNA
induction in Int407 by mutants of V. cholerae and expressed as log of
fold change compared to uninfected Int407 and normalized against
G3PDH.3.5 h of infection compared to the wild-type V. cholerae
O395 [16,36], produced signiﬁcant reduction in the ND5
mRNA expression as observed by both semi-quantitative
(Fig. 6(a)) and quantitative real time RT-PCR (1.62-fold)
(Fig. 6(b)). In contrast, the strain O395Y containing two cop-
ies of cheY4 gene in the chromosome [16] showed 6.96-fold in-
crease in mRNA levels compared to uninfected Int407 which
was 1.6 times of that induced by wild-type V. cholerae
O395 ( Fig. 6(b)). These results clearly indicate that both motil-
ity and adherence to intestinal epithelial cells are possible trig-
gering factors contributing to ND5 mRNA expression by V.
cholerae.3.8. Mitochondrial DNA ampliﬁcation was not detected in
infected Int407 cells
The increase in the expression of ND5 in V. cholerae infected
Int407 might be due to increase in the copy number of mito-
chondrial genome or due to increased expression of this gene.
To choose between the possibilities, genomic DNA isolated
from non-infected and V. cholerae infected Int407 cell line
was ampliﬁed with D-loop region speciﬁc primers designed
from human mitochondrial DNA. No diﬀerence in the ampli-
ﬁed signal could be detected in infected and uninfected Int407
DNA for 30, 35 and 40 cycles of ampliﬁcation (Fig. 7).
3.9. Alteration of expression of other mitochondrial genes
following V. cholerae infection
The above result prompted us to determine whether there is
an increase in the level of expression of other mitochondria en-
coded polypeptides. The human mitochondrial genes are clus-
tered under two diﬀerent promoters of which the genes
encoding ND-1, ND-4, ND-5, CO-I and ATPase are tran-
scribed from PH while the gene encoding ND6 is transcribed
from PL [37]. Interestingly, the expression of ND-6 (NADH
dehydrogenase subunit 6) was also found to increase in V.
cholerae infected Int407 cell line compared to uninfected one
(Fig. 8(a)). Since both ND5 and ND6 are subunits of the hu-
man mitochondrial complex I, the expression of other mitoc-
hondrially encoded subunits of complex I were examined in
V. cholerae infected cells. Among the genes tested the other ﬁve
subunits of NADH-Dehydrogenase belonging to complex I
showed variable diﬀerential expression (Fig. 8(b)). NADH
dehydrogenase subunit 2 mRNA levels increased signiﬁcantly
upon V. cholerae infection (Fig. 8(b)) while the mRNA levels
of the other subunits 1, 3, 4 and 4 L showed signiﬁcant down
regulation (Fig. 8(b)). Among the remaining genes, mitochon-
dria encoded ATPase6 and ATPase8 showed increase in
mRNA level (Fig. 8(b)) while all the subunits (1, 2 and 3) of
cytochrome c oxidase (COX) showed decreased mRNA levelsFig. 7. PCR ampliﬁcation of genomic DNA from uninfected Int407 (I)
and Int407 infected with V. cholerae O395 for 3.5 h (IO) with D-loop
(lower bands) and G3PDH (upper bands) speciﬁc primers in the same
reaction tube. The PCR products were monitored at 30, 35 and 40
cycles.
Fig. 8. (a) RT-PCR of uninfected Int407 (I) and Int407 infected with
V. cholerae O395 for 3.5 h (IO) with ND6 (upper bands) and G3PDH
(lower bands) speciﬁc primers in the same reaction tube. The PCR
products were monitored at 30 and 35 cycles. Densitometric quant-
itations for ND5 are shown after normalization with G3PDH. The
error bars represent standard deviations of three diﬀerent experiments.
(b) RT-PCR of uninfected Int407 (I) and Int407 infected with V.
cholerae O395 for 3.5 h (IO) with G3PDH (upper bands) and
mitochondrial gene speciﬁc primers (lower bands) in the same reaction
tube. Densitometric quantitations for each gene are shown after
normalization with G3PDH. The error bars represent standard
deviations of three diﬀerent experiments.
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mained unaltered.
3.10. Complex I activity increases upon V. cholerae infection
Complex I or NADH-coenzyme Q1 reductase is made of at
least 41 subunits [38], 7 of which (ND1 to ND6 and ND4L) are
encoded by the mitochondrial genome [39] which are critical
for the enzyme activity. Since three out of the seven mitochon-
dria encoded subunits of complex I were upregulated in Int407
upon V. cholerae infection, we wanted to examine the status ofFig. 9. Complex I activity of mitochondrial extract prepared from
Int407 cell monolayer and Int407 infected with V. cholerae for 3.5 and
6 h. The activity of complex I is expressed as nmoles of NADH
oxidized per min per mg of protein. The values shown are mean-
s ± S.E.M. from three diﬀerent experiments. The values for complex I
activity represents the total activity.complex I enzyme activity following V. cholerae infection. Sub-
stantial increase in complex I activity (about 3-fold) could be
observed after 6 h of incubation (Fig. 9). This eﬀect could
not be attributed to the increase in the number of mitochon-
dria as no over ampliﬁcation of mitochondrial DNA could
be detected in infected cells as compared to uninfected ones.
The ATP content as measured by Luciferin–Luciferase meth-
od, remained unaltered after V. cholerae infection in intestinal
epithelial cell.4. Discussion
The study of the interaction of V. cholerae with intestinal
epithelial cell line might provide an in vitro system where var-
ious factors can be controlled and manipulated. Such interac-
tion involves a complex and dynamic ‘‘cross-talk’’ between V.
cholerae and its host. It not only provides an insight about the
mechanisms by which the pathogen usurp cellular defenses and
alter cellular function but also a better understanding of the
post infective physiology of the intestinal epithelium. As a ﬁrst
step towards understanding the host-V. cholerae interaction in
the present study, we used the RNA arbitrarily primed PCR
(RAP-PCR) technique to identify some genes that are diﬀeren-
tially expressed in the host intestinal epithelial cell line Int407
following V. cholerae infection.
RAP-PCR has been used to isolate a variety of novel genes
in a large number of experiments. It has been used to detect
diﬀerential gene expression in a methotrexate-resistant Chinese
hamster cell strain, in TNF[a]-activated endothelial cells
[33,40]; to identify bile acid induced upregulation of thiore-
doxin reductase in colon cancer cell lines [41] and candidate
genes in embryonal carcinoma cells induced by retinoic acid
[42]. Diﬀerential gene expression in prokaryotes have also been
detected by this technique [20,43–45].
In our study, we detected and identiﬁed the mitochondrial
gene NADH dehydrogenase subunit 5 (ND5) which appears
to be upregulated upon V. cholerae infection in the intestinal
epithelial cell line Int407 and its increased expression was con-
ﬁrmed by Northern blot analysis, semi-quantitative and quan-
titative RT-PCR. The presence of two transcripts for ND5
subunit is in good agreement with predicted mechanism of
mitochondrial genome transcription [46]. The fact that mito-
chondrial DNA ampliﬁcation was not detected in infected
Int407 cells rules out the possibility that the increase in the
expression of ND5 in V. cholerae infected Int407 might be
due to increase in the copy number of mitochondrial genome.
Diﬀerential regulation of mitochondrial genes have been ob-
served in human cells under various stresses including heat
shock and exposure to ionizing radiation [47]. The expression
of ND4 was found to increase in radio-resistant human glio-
blastoma cell line T98G treated with ionizing radiation [34];
an apoptosis-resistant mutant (VC-33) of HL-60 cells showed
repression in ND5 gene [48]; ND2 has been found to be over
expressed in human acute myelogenous leukemia cell [49].
Inhibition of NADH dehydrogenase activity by rotenone has
been reported to alter the cell cycle and induces some speciﬁc
surface antigen of HL-60 cells [49]. No such reports of upreg-
ulation of mitochondrial genes in the host have so far been
available for infection of non-invasive bacteria although
upregulation of the rat mitochondrial ATPase6 have been re-
ported during Pneumocystis carinii infection [50].
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thelial cell line infected with E. coli DH5a or E. coli C600 sug-
gesting that this is not a general insult and that V. cholerae is
required. Moreover, neither the heat-killed bacteria nor the
supernatant containing the secreted products including cholera
toxin (CT) is able to mediate the upregulation of ND5 subunit
suggesting that the above regulation is mediated by live V. chol-
erae. Themedia acidiﬁcation as an inducer ofND5 upregulation
could be ruled out as the above eﬀect is absent in infection with
other bacteria like E. coli and the pH of the media after V. chol-
erae infection changes from 7.2 to 6.7 after 3.5 h (unpublished
observation). The data fromRT-PCR indicated that allV. chol-
erae isolates irrespective of serovar/biovar or toxinogenecity,
showed upregulation of ND5 varying from a mere 1.2-fold in
SG24 to a very high 18-fold as seen inN16961 compared to unin-
fected Int407with none showingdown regulation. Even the non-
toxinogenic strain GP-7 showed about 2.3-fold upregulation.
These data corroborate with earlier observations and indicate
that the CT producing capability is indeed not at all a factor in-
volved in ND5 induction.
Various mutants of V. cholerae with impaired virulence and
of varying adherence and motility were constructed by gene
speciﬁc insertional mutagenesis and were used to understand
the involvement of bacterial factors in host ND5 mRNA acti-
vation. In V. cholerae ToxR, the master regulator controlling
the expression of several virulence factors, acts synergistically
with TcpP on the ToxT promoter which then activates the
genes encoding CT, TCP and accessory colonization factors
[4–6]. The list of ToxR regulated genes that may encode V.
cholerae virulence determinants is expansive and some are
yet to be deﬁned. Induction of this ToxR dependent virulence
cascade in vitro requires deﬁned but artiﬁcial growth condi-
tions, while induction in vivo is presumed to involve yet un-
known environmental signals present within the intestine
[51]. When virulence of V. cholerae is impaired by disruption
of toxR, ND5 expression is reduced signiﬁcantly in the host
intestinal epithelial cell line Int407, while the ctxA V. cholerae
mutant had no inhibitory eﬀect on the ND5 expression. This
suggests that the induction of ND5 in the host cell requires
the presence of ToxR in V. cholerae. The fact that ctxA inser-
tion mutant fails to alter ND5 expression in host cells is sup-
ported by our earlier observation that ND5 expression
remained unaltered when incubated with CT. Since toxT mu-
tant is also unable to modulate ND5 expression in the host
cell, it may be presumed that the ToxR dependent and ToxT
independent virulence regulation of V. cholerae probably inﬂu-
ence the modulation of ND5 in the host cells. This ﬁnding was
supported by the fact that ND5 expression was drastically re-
duced upon infection with ompU insertion mutant of V. chol-
erae as ToxR directly regulates the expression of the outer
membrane porin proteins OmpU independently of TcpP and
ToxT [7]. Thus, the signiﬁcance of modulation of a host gene
ND5 by various V. cholerae mutants with impaired virulence
is very profound and indicates for the ﬁrst time that these vir-
ulence factors can signiﬁcantly alter the gene expression level
of the host gene.
Since the induction of ND5 requires live V. cholerae and the
secreted factors in V. cholerae supernatant including cholera
toxin failed to induce ND5, we examined whether direct cell
contact is able to upregulate ND5 mRNA expression. The col-
onization of the intestinal mucosa by V. cholerae is a complex
process and the organism express properties such as chemo-taxis and motility to penetrate the mucous layer of the epithe-
lium. In this context, we have examined the association of
adherence and motility with ND5 expression by using gene
speciﬁc insertional mutants. The aﬂagellate non-motile mutant
of O395 showed a 59-fold downregulation. On the other hand,
the V. cholerae icm F insertion mutant O395F [35] which has
been shown to be hyperadherent but less motile (65%) com-
pared to wild-type O395 produced high levels of ND5 mRNA
expression (200-fold) in Int407 suggesting the importance of
both motility and adherence of V. cholerae in the induction
of ND5 in host cells. This view is supported by the fact that
another null cheY4 mutant showed highly reduced ND5 induc-
tion in Int407 while the mutant O395Y containing two copies
of cheY4 gene showed about 1.6-fold of ND5 expression com-
pared to that of wild-type. Duplication of the cheY4 gene in
the chromosome resulted in increased motility, increased che-
motactic response towards isolated intestinal mucus layer
and stronger adhesion to human intestinal epithelial cell line
whereas the null mutant strain showed considerably lower
motility and chemotactic response than the wild-type [16,36].
These results clearly indicate that both motility and adherence
to intestinal epithelial cells are possible triggering factors con-
tributing to ND5 mRNA expression by V. cholerae.
The mitochondrial ND5 is of one of the seven mitochondrial
DNA encoded hydrophobic subunits of NADH ubiquinone
oxidoreductase (complex I) mainly located in the inner mem-
brane of mitochondria. Complex I provide input to the respi-
ratory chain from the NAD linked dehydrogenases of the citric
acid cycle. The complex couples the oxidation of NADH and
the reduction of ubiquinone, to the generation of a proton gra-
dient, which is then used, for ATP synthesis. NADH dehydro-
genase is the largest and most complicated of the enzymes of
the mitochondrial respiratory chain containing of about 40 dif-
ferent subunits in the mammalian cell. Despite the fact that the
primary structure and sequence of the mtDNA encoded sub-
units were determined some time ago [39] very little is known
about the function of these subunits. Substantial lack of com-
plex I activity was observed in a transformant of a mammalian
cell line which exhibited near complete absence of ND5 show-
ing that ND5 subunit is essential for complex I activity [52]. In
fact the synthesis of the ND5 polypeptide is rate limiting for
the activity of the enzyme. The absence of ND5 subunit, how-
ever, did not prevent the assembly of the remaining mitochon-
drial DNA encoded subunits but indicates a lower eﬃciency of
assembly or instability of the membrane arm of the enzyme in
the absence of the ND5 subunit [52].
Among the other seven mitochondrially encoded complex I
subunits only ND6 (3.5-fold) and ND2 (2-fold) were upregu-
lated while all other 4 subunits ND1, ND3, ND4 and ND4L
were down regulated. However, our biochemical assay sug-
gested an increase in complex I activity following V. cholerae
infection. Since the mitochondrial respiratory chain (complex
I–IV) is the major site of ATP production in eukaryotes and
ATPase6 and ATPase8 were also upregulated upon V. cholerae
infection we sought to determine whether V. cholerae infection
has any eﬀect on cellular ATP levels in intestinal epithelial
cells. There was no change in ATP content of the V. cholerae
infected Int407 cell as measured by Luciferase –Luciferin
method. This is not a deviation from expectation as it is known
that the dependency on pyruvate/malate (complex I substrates)
supported ATP production varies in diﬀerent cell types [53]
and that the enhancement of ATP production by mitochondria
M. Sarkar et al. / FEBS Letters 579 (2005) 3449–3460 3459generally causes a compensatory inhibition of glycolysis by
Pasteur eﬀect [54–56]. Although mitochondria has been placed
in the center of apoptotic signaling pathway, the role of mito-
chondrial respiratory chain activity in apoptosis is still elusive.
Some recent evidence shows that rotenone, the mitochondrial
respiratory chain complex I inhibitor could induce cell death
in a variety of cells [57]. However, contradictory reports
showed that rotenone could inhibit apoptosis in other systems
[58]. In future, it would be important to delineate the role of
complex I in apoptosis of the intestinal epithelial cells, if
any, upon V. cholerae infection.
In conclusion, here, we show that ND5 mRNA was found to
be upregulated in the human intestinal epithelial cell line
Int407 following exposure to V. cholerae. The upregulation
of ND5 was not observed when Int407 was infected with E.
coli strains, heat-killed V. cholerae or cholera toxin or culture
supernatant indicating the involvement of live V.cholerae in
the process. Infection with various V. cholerae mutants to
study the mechanism and underlying process clearly indicated
that both motility and adherence to intestinal epithelial cells
are possible triggering factors contributing to ND5 mRNA
expression by V. cholerae. Infection of Int407 with virulence
mutant strains of V. cholerae clearly indicated that the ND5
expression is modulated by the virulence of V. cholerae
through ToxR in a ToxT independent manner. Although no
diﬀerence in the mitochondrial copy number could be detected
between infected and uninfected cells, the modulation of the
expression of other mitochondrial genes were observed. Inci-
dentally, upon V. cholerae infection, complex I activity was
found to increase about 3-folds after 6 h. Although the mech-
anism is not clear, the marked modulation of ND5 with V.
cholerae virulence and pathogenesis strongly suggest its
involvement in the pathogenesis of V. cholerae in the host. This
is to our knowledge the ﬁrst report of alteration in mitochon-
drial gene expression upon infection of non-invasive enteric
bacteria like V. cholerae showing its modulation with adher-
ence, motility and virulence of the bacteria.
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